Objectives: Statistical techniques currently used in musculoskeletal research often inefficiently account for paired-limb measurements or the relationship between measurements taken from multiple regions within limbs. This study compared three commonly used analysis methods with a mixed-models approach that appropriately accounted for the association between limbs, regions, and trials and that utilised all information available from repeated trials. Method: Four analysis were applied to an existing data set containing plantar pressure data, which was collected for seven masked regions on right and left feet, over three trials, across three participant groups. Methods 1-3 averaged data over trials and analysed right foot data (Method 1), data from a randomly selected foot (Method 2), and averaged right and left foot data (Method 3). Method 4 used all available data in a mixed-effects regression that accounted for repeated measures taken for each foot, foot region and trial. Confidence interval widths for the mean differences between groups for each foot region were used as a criterion for comparison of statistical efficiency. Results: Mean differences in pressure between groups were similar across methods for each foot region, while the confidence interval widths were consistently smaller for Method 4. Method 4 also revealed significant betweengroup differences that were not detected by Methods 1-3. Conclusion: A mixed effects linear model approach generates improved efficiency and power by producing more precise estimates compared to alternative approaches that discard information in the process of accounting for paired-limb measurements. This approach is recommended in generating more clinically sound and statistically efficient research outputs.
Introduction
Most rheumatic diseases, including rheumatoid arthritis, gout, osteoarthritis, psoriatic arthritis and spondyloarthropathy, present with a variety of musculoskeletal manifestations. Gout, osteoarthritis and psoriatic arthritis are often characterised by an asymmetrical pattern of distribution with regard to musculoskeletal symptoms, in that right and left limbs are not always affected equally. Clinical research in musculoskeletal rheumatology often involves the collection of data from right and left limbs from the same participant, resulting in limb-specific units of analysis, as opposed to person-specific units of analysis that occur when data are collected on single organ systems. However, personspecific and disease-specific factors, including age, gender, ethnicity, disease duration and the use of pharmacological therapy, result in a high level of within-subject dependence between limbs, meaning that data from right and left limbs are often highly correlated [1] . The same is true for multiple measurements taken from each limb, including from a range of joints or regions within limbs. This becomes problematic in the application of many commonly used statistical procedures, including linear models (such as the t-test and analysis of variance) that assume each data point is an independent observation [2].
It is not uncommon for researchers to pool data from right and left sides without accounting for the between-side correlation [3, 4] . This approach is often considered a valid method if the dependent variables of interest are limb-specific rather than person-specific. Pooling of right and left limb data also provides an appealing option as it apparently doubles the sample size while maintaining the same number of participants. However, pooling data results in artificial deflation of confidence intervals and significance levels [5, 6] that increases the probability of a type I error (rejecting the null hypothesis when it is true) compared to the nominal significance level α.
Several alternative methods have been used in musculoskeletal research to account for between-limb dependence, including undertaking a separate analysis of one or both limbs, whether this be the right and/ or left [7] [8] [9] , the most dominant side [10] , the side with the most clinically evident symptoms of disease [11] , or a randomly chosen side. However, such approaches result in a loss of valuable data and thus a reduction in statistical power and precision of estimates, and are overall inefficient methods of analysis. Furthermore, they may introduce a bias through the choice of which limb to use, particularly if a non-random selection approach is adopted.
Another commonly used method is to average data from right and left limbs. This becomes particularly problematic in rheumatic diseases that present with asymmetrical involvement, for example, osteoarthritis, gout and spondyloarthropathy, as averaging data may lessen the apparent magnitude of the disease and can lead to inaccurate inferences. Furthermore, without regarding the right and left sides as repeated within-subject measurements, efficiency and power are also lost. Similarly, averaging of repeated measurements is also common practice when measuring outcomes in quantitative research, whereby data is obtained over multiple trials (generally three) for each limb and their average used in subsequent analyses. Averaging is primarily undertaken to reduce measurement error; however, this method also removes useful information when the number of averaged trials may differ. Inefficiencies also arise when variables measured from multiple joints or regions within each limb are analysed separately without appropriately accounting for between-region correlations [12] .
The issue of between-limb dependence in statistical analysis has been identified in several research fields, including ophthalmology [13] , podiatry [14, 15] , orthopaedics [16] and rheumatology [17] . However, there is currently no consensus on the correct analytical approach of data collected from multiple trials from multiple limbs and/or regions within limbs. This article aims to compare three linear regression techniques, commonly used in current research under a generally incorrect assumption of independence between regions, with a mixed linear regression model that provides a more appropriate account for the association between limbs, regions, and trials, and that utilises all information available from repeated trials.
Methods

Data set
For the purpose of illustrating the various analysis methods in the current article, peak plantar pressure data, a continuous variable measured in kilopascals (kPa), was taken from a larger data set [18] . The aim of the original study was to compare the plantar pressure distribution during barefoot walking in people with gout (n = 25) or people with asymptomatic hyperuricaemia (n = 27) with that of healthy individuals with normal serum urate concentrations (n = 34). Plantar pressure data was collected for both right and left feet of each participant over three repeated walking trials. Peak plantar pressure Results are presented adjusted for age and BMI. Bolded P values indicate significant difference between groups at P < 0.05. Diff. = Difference in least-squares mean from control group; CI = Confidence Interval.
